Abstract: Colonization of the spermosphere and rhizosphere by plant-beneficial bacteria is limited by competition with indigenous soil microbes for resources such as reduced carbon compounds. A study of the soil microbial community around germinating seeds was undertaken as a necessary first step in understanding the competition between the introduced plant-beneficial bacteria and the indigenous microbial community. Two soil types, Galestown gravely loamy sand soil, with pH 5.8 and 0.6% humic material, and Hatborough loamy sand soil, with pH 4.5 and 3.2% humic material, were compared. Five seed types, corn, cucumber, radish, soybean, and sunflower were used. Microbial communities were characterized functionally, using a substrate utilization assay, and structurally, using fatty acid methyl ester analysis, over a 96-h period after the onset of germination. Soil type affected the microbial communities far more than seed type. The communities in Hatborough soil had greater functional and structural changes compared with the control than Galestown soil. The communities changed more functionally than structurally, with increased substrate utilization compared with the soil controls.
Introduction
It is important for certain plant-beneficial bacteria, including biocontrol agents and plant growth-promoting rhizobacteria, to colonize the spermosphere and rhizosphere for many agricultural applications. Plant-beneficial bacteria typically colonize at least a small portion of the rhizosphere when applied as treatments of seeds or seed pieces (Bahme and Schroth 1987; Leben et al. 1987; Xu and Gross 1986) and can become widely distributed in the rhizosphere (Weller 1984 (Weller , 1987 . However, these bacteria are typically lognormally distributed along the root system (Loper et al. 1984) , and populations of these biocontrol bacteria can decrease with increasing distance from the point of introduction into the soil (Chao et al. 1986 ). This colonization process requires the uptake and conversion of reduced carbon compounds and other nutrients into energy and cellular components required for growth. Competition with indigenous soil microbes for resources such as reduced carbon compounds is thought to be a major factor limiting colonization by biocontrol bacteria (Chao et al. 1986; Cook 1992; Weller and Cook 1983) .
Nutrients released into the spermosphere and rhizosphere are derived from plant exudates, plant secretions, lysis of epidermal plant cells, and plant mucilages Rovira 1976, 1991) . These nutrients can vary with plant species (Richardson et al. 1982; Vancura 1964; Vancura and Hanzlikova 1972) , plant age (Martin 1978; Martinez et al. 1994) , and plant nutrition (Turner and Newman 1984; Turner et al. 1985) . Seed and root exudates have been extensively studied. These exudates include carbohydrates, amino acids, and other organic acids (Curl and Truelove 1986) . As with other forms of rhizodeposition, there are qualitative and quantitative differences in carbohydrates, amino acids, and other organic acids released into the soil as seed and root exudates from various plant species.
We used Enterobacter cloacae as a model organism to study the role of various reduced carbon nutrients in colonization of seeds of crop plants. Enterobacter cloacae has practical importance as a potential biocontrol agent of Pythium spp. (Hadar et al. 1983; Nelson 1988) . Using a mutational approach, we have demonstrated that E. cloacae displays considerable metabolic flexibility during growth in the spermosphere, since specific carbohydrates, amino acids, and peptides found in exudates are not absolutely required. However, the importance of carbohydrates and amino acid utilization varies with seed type (Roberts et al. 1992 (Roberts et al. , 1996a (Roberts et al. , 1997 .
Mutants affected in utilization of carbohydrates and amino acids found in seed exudates were reduced in colonization of some, but not all, seed types relative to the parental strain (Roberts et al. 1992 (Roberts et al. , 1996b (Roberts et al. , 1997 . There was no correlation between the quantity of total carbohydrate and total amino acid released by each seed type and the reduction in colonization by this collection of mutants. However, the spermospheres of these seeds may develop communities with different competitive abilities for available reduced carbon compounds leading to the behavior of these mutants relative to the parental strain.
The purpose of the studies presented here was to determine if structurally different communities, with potentially different competitive abilities for exudates, develop in the spermospheres of different seed types. A functional assay based on carbon source utilization has been shown to be effective in differentiating between communities from different ecosystems and agricultural management regimes (Bassio and Scow 1995; Buyer and Drinkwater 1997; Garland and Mills 1991) . Fatty acid analysis has been shown to be an effective method for structural analysis of soil microbial communities (Buyer and Drinkwater 1997; Haack et al. 1994; Zelles et al. 1995) . We used these assays to measure and compare the functional and structural changes the microbial community in the spermosphere undergoes during the germination of different seeds.
Materials and methods

Analysis of spermosphere microbial communities
Two soils were used. The Galestown gravely loamy sand soil had a pH of 5.8, cation exchange capacity of 4.0, and 0.6% humic material. The Hatborough loamy sand soil had a pH of 4.5, cation exchange capacity of 4.5, and 3.2% humic material. Soils were collected from the top 6-10 in. (1 in. = 25.4 mm), sieved through a 0.5-cm sieve, and air-dried for 48 h. Soil was equilibrated to -75 kPa water potential for several days before use. Corn (Zea mays), cucumber (Cucumis sativum cv. Marketmore 76), radish (Raphinus sativus cv. Cherry bomb), soybean (Glycine max cv. Chesapeake), and sunflower (Helianthus giganteus) seeds (not surface sterilized) were sown in 2 g of soil in sterile test tubes. Controls consisted of soil without seeds. Tubes were incubated on a laboratory bench at approximately 22°C with approximately 12 h light : 12 h darkness. Six replicate soil samples were harvested 0 and 96 h after sowing by adding 1 mL sterile deionized water, sonicating (Branson Ultrasonics Corp., Danbury, Conn.) for 5 min, vortexing, and removing the seeds. Each experiment was performed twice.
The substrate utilization assay was conducted by serially diluting a portion of each sonicated sample to achieve a final dilution of 10 -4 in sterile saline (4.5 g NaCl per litre). Biolog GN plates (Biolog, Inc., Hayward, Calif.) were inoculated with 150 µL of the 10 -4 diluted sample and incubated at 22°C for 3 days. Plates were read with a Thermomax plate reader (Molecular Devices Corporation, Sunnyvale, Calif.) at 595 nm. The remainder of the initial sonicated sample was frozen for fatty acid analysis.
Fatty acid analysis was performed on all samples using a slight modification of a previously published procedure (Cavigelli et al. 1995) , which was based on a protocol for isolated microorganisms (Sasser 1990 ). Each frozen sample was lyophilized, and 1 g of lyophilized soil was weighed into a 25-mL glass centrifuge tube equipped with a Teflon-lined screw cap. Briefly, the sample was saponified with alkaline methanol, methylated with acidic methanol, extracted, and centrifuged at 500-1000 × g for 5 min. The organic (top) layer was transferred to another tube, and the extraction and centrifugation processes were repeated. The organic layers from both extractions were combined and washed with dilute aqueous NaOH. The organic (top) layer was evaporated to dryness under nitrogen, redissolved in 0.5 mL of extraction reagent, and analyzed by gas chromatography. A Hewlett-Packard (Wilmington, Del.) 5890 gas chromatograph with flame ionization detector was used. Fatty acids were identified by retention time according to the MIDI eukaryotic method (Microbial ID, Inc., Newark, Del.).
Data analysis
The substrate utilization assay data were analyzed after dividing the substrates into six categories: polymers, carboxylic acids, carbohydrates, amino acids, amines and amides, and miscellaneous (Zak et al. 1994) . The average absorbance for all wells within each category was calculated. The absorbance of the blank well was not subtracted but was used as a covariate in the statistical analysis (see below).
Fatty acids were divided into nine chemical categories: straightchain saturated, branched-chain saturated, monounsaturated, polyunsaturated, α-hydroxy fatty acids, β-hydroxy fatty acids, hydrocarbons, alcohols, and oxyfunctional fatty acids (including dicarboxylic acids, dimethylacetals, and aldehydes). Peaks that could not be identified, or peaks that consisted of two fatty acids from two different categories, were categorized as unknowns and See Cavigelli et al. (1995) , Frostegård et al. (1993) , Zelles et al. (1994) , and Zelles et al. (1995) . Table 1 . Fatty acid biomarkers. not analyzed further. The area of each fatty acid peak was exported to a text file using CAMBIO (Data Junction Corporation, Austin, Tex.). The data were summed within each category and then divided by the total peak area to determine the proportion of fatty acids within each category. Biomarker fatty acids were also employed ( Table 1 ). The fatty acids within a group were summed and divided by total saturated fatty acids where multiple biomarkers for a specific taxonomic group occurred.
All statistical analyses were performed with SAS software (SAS Institute, Cary, N.C.). Analysis of variance (ANOVA) and multivariate analysis of variance (MANOVA) were conducted using the general linear model. Means were compared using the Student Newman-Keuls multiple-range test. A one-way model was employed in which the main effect consisted of each combination of soil and seed type. For the substrate utilization assay, the blank was used as a covariate to account for differences in the background absorbance. A canonical variates analysis, generated by the MANOVA, was used to identify the linear combination of variables that best separated the soil-seed combinations (see Appendix) . This analysis was used to generate plots that summarize group differences (Seber 1984) . The plots generated are comparable with those generated via canonical discriminant analysis, except that we chose to display the mean of each treatment and its corresponding confidence interval rather than the raw data. The 90% confidence intervals were calculated as shown in eq. 1,
where r is the radius of the resulting circle and n is the number of replicate samples (Seber 1984) .
Exudate analysis
Seeds were surface sterilized with sodium hypochlorite (10% commercial bleach) for 20 min, followed by two 20-min rinses in sterile deionized water. Surface-sterilized seeds (2.5 g) were added to 10 mL sterile distilled water and incubated in the dark. After 96 h the water was decanted and checked for microbial contamination by spotting 10 µL onto nutrient agar. All noncontaminated samples for each seed type were pooled, frozen, and lyophilized to dryness. The samples were analyzed for carbohydrates with the anthrone assay (Morris 1948) and amino acids using the ninhydrin assay (Spies 1957) .
Results
Substrate utilization assay
The substrate utilization data is summarized in Table 2 . Substrate utilization was higher in the Hatborough soil than in the Galestown soil, except for the Hatborough time 0 control, which had less activity than some of the Galestown soil spermosphere samples. This was true whether or not the absorbance of the blank well was subtracted prior to analysis. The Hatborough soil controls at 0 and 96 h had greater total absorbance, as well as greater absorbance for each substrate category, than the Galestown soil controls, indicating a higher level of substrate utilization by the soil community. A comparison by seed type showed the same pattern, with activity being greater in the Hatborough soil for total absorbance and for each substrate group. The Hatborough soil controls increased in substrate utilization activity from 0 to 96 h for total absorbance, carboxylic acids, and miscellaneous substrates, indicating some change in the population or community of the control soil during incubation. This did not occur in the Galestown soil.
Substrate utilization activity was greatest in the sunflower spermosphere in both soils in every category. Corn and soybean spermospheres showed the next greatest amount of activity, with radish and cucumber spermospheres showing the least amount of activity. There was a soil-seed interaction, as seen in the change in rank for corn and soybean and for radish and cucumber when the two soils were compared (Table 2), but this was generally not statistically significant.
In the control samples, the greatest activity was observed for carboxylic acids and amino acids. In the Hatborough soil, polymer utilization became much greater in the samples with seeds, surpassing carboxylic acid utilization. The pattern was more complex in the Galestown soil, with polymer utilization greater than carboxylic acid utilization for corn, cucumber, and sunflower, but not for radish and soybean (Table 2) .
Fatty acid analysis
A total of 205 fatty acids and related compounds, including unknowns, were found. The unknowns were eliminated, leaving 173 compounds. The fatty acids ranged from 8 to 30 carbons in length and included a wide variety of functional groups. In order to make sure that any changes in fatty acid composition were not due to fatty acids in the seed exudates, a set of axenic controls, consisting of surface-sterilized seeds in autoclaved soil, were run. Fatty acids were much lower in these samples than in the experimental samples, indicating that seed exudates contained minimal amounts of fatty acids (data not shown).
The chromatographic peak area of the saturated fatty acids 14:0, 16:0, and 18:0 were summed to yield a biomarker for biomass (Cavigelli et al. 1995) . This measure of biomass was much higher for the Hatborough controls and spermosphere samples than for the corresponding Galestown samples at both 0 and 96 h, indicating greater microbial biomass in the Hatborough soil and spermosphere samples (data not shown).
Other biomarkers were calculated as proportions of the total saturated fatty acids. We found this to give less variance than proportions of total fatty acids or proportion of the biomass fatty acids. Results are presented in Table 3 for the biomarkers that showed statistically significant treatment effects. Gram-positive bacteria were generally higher in the Hatborough soil when compared with the Galestown soil, although this was significant only for the 96-h control, and corn and sunflower treatments. In Hatborough soil, the proportion of Gram-positive bacteria increased significantly from 0 to 96 h in the control sample but did not increase in the spermosphere samples relative to the 0-h control. Eubacterial fatty acids were lower in Hatborough than Galestown soil, and were not even detectable in the Hatborough 0-h control. The proportion of eukaryotes was higher in Hatborough samples than Galestown samples, and in Hatborough soil dropped from 0 to 96 h. A similar pattern was observed for fungi, perhaps because fungi are the dominant eukaryotes. Protozoa, however, were higher in Galestown soil than Hatborough soil. However, these differences were generally not statistically significant.
There was no impact by any seed type on any taxonomic group in the Galestown soil, as determined by fatty acid biomarker analysis (Table 3 ). In the Hatborough soil, the Gram-positive taxonomic group was significantly different from the 96-h control for each seed type. All other taxonomic groups were similar to the 96-h control with each seed type (Table 3) .
Multivariate statistics
A canonical analysis, generated by SAS GLM, was used to identify the linear combination of variables that best separated soil and seed combinations. The first two canonical variates accounted for 89% of the variability for the fatty acid analysis and 85% of the variability for the substrate utilization assay, and therefore could be used to effectively graph the data, allowing us to visualize how the soil-seed combinations compared. The mean canonical variates and corresponding 90% confidence intervals for each seed and soil combination are plotted in Fig. 1 . The strong contribution of soil type relative to seed type is evident from both the substrate utilization and fatty acid data. The substrate utilization assay (Fig. 1a) shows a shift from 0 to 96 h in the Hatborough control samples, and also shows the seed samples to be quite different from the controls. The Galestown soil showed much less response to time and seed germination. With fatty acids, the Galestown soil community did not appear to be sensitive to seed type, whereas the Hatborough Note: Different letters within a column indicate significant differences at P < 0.05. a Specific fatty acids, summed as biomarkers to taxonomic groups, were normalized by dividing them by the sum of the saturated fatty acids present in each sample. soil community appeared to be. This can be seen by the close proximity of the plotted means for Galestown soil in Fig. 1b , but no such proximity for the Hatborough means.
Seed exudates
Analyses of the seed exudates are summarized in Table 4 . Corn had the highest levels of both carbohydrate and amino acid exudation, followed by soybean and then sunflower. Cucumber and radish released far less carbohydrates and amino acids than the other seeds.
Discussion
The spermosphere microbial community was affected far more by soil type than by seed type. The Hatborough soil, with higher organic matter, had a greater microbial biomass as measured by fatty acid analysis, which may explain the higher levels of substrate utilization associated with the Hatborough soil. The microbial community in the Hatborough soil was more responsive to seeds, with much larger shifts in substrate utilization compared with the Hatborough soil controls than in the Galestown soil. With the Galestown soil, the soil community was not sensitive to seed type ( Fig. 1) and there was no difference in taxonomic biomarkers between the controls and the spermosphere of any seed tested (Table 3) .
The microbial community changed more in function (substrate utilization) than in structure as the seeds germinated for all seed types. One explanation is that the fast-growing aerobic heterotrophs were the only part of the microbial community to grow significantly during the 96-h experiment. Since these organisms represent a small portion of the total microbial biomass, there should be little change in the fatty acid profile of the microbial community. However, these organisms are anticipated to dominate the substrate utilization assay, so community function should change, as observed. It follows that the substrate utilization assay should be more sensitive to shifts in the community structure than FAME analysis, as suggested by Bååth et al. (1998) for rhizosphere communities. A second explanation is that the functional changes observed with the substrate utilization assay were due to induced physiological or metabolic changes in the microbial community in response to exudates released from seeds.
It is not clear why the different spermospheres have similar microbial communities at 96 h. Seed exudates are expected to provide nutrients for microbial growth in the spermosphere. Corn and soybean seeds released substantially more carbohydrate and amino acid than cucumber and radish seeds, yet there was very little difference in the microbial communities. Furthermore, sunflower spermosphere communities consistently had the highest (although not generally statistically significant) substrate utilization, yet sunflower seeds released substantially less carbohydrate and amino acid than corn and soybean seeds. It may be that 96 h is insufficient for major differences in microbial community structure and function to develop.
The results from this paper are useful in interpreting data from previous studies on colonization of seeds by E. cloacae. One mutant of E. cloacae, strain A-11, contains a mutation in a region of the genome important to glycolysis and is reduced or deficient in growth on most carbohydrates found in seed exudates that support growth of the parental strain (Roberts et al. 1997) . In studies carried out in the Galestown soil, strain A-11 was substantially reduced in growth on cucumber seed but not significantly (P < 0.05) reduced in growth on pea seed relative to the parental strain (Roberts et al. 1992 ). Strain A-11 was also significantly reduced in growth on radish seed but had similar growth to the parental strain on corn and sunflower seed in other colonization experiments conducted in the Galestown soil (D.P. Roberts and P.D. Dery, unpublished data). Cucumber and radish seed exude significantly less carbohydrate and amino acid than pea, corn, and sunflower seed (Roberts et al. 1992 (Roberts et al. , 1996a (Roberts et al. , 1997 D.P. Roberts, unpublished data) . Since the spermosphere microbial community in the Galestown soil did not vary significantly with seed type over the time period of the colonization assays (this paper), the colonization behavior of strain A-11 relative to the parental strain in the spermospheres of these different seeds directly correlates with the quantity of carbohydrates and amino acids released. However, the colonization behavior of other mutants of E. cloacae affected in amino acid utilization relative to the parental strain did not correlate with the quantity of carbohydrate and amino acid released by the different seeds (Roberts et al. 1996b) . It is possible that there are substantial qualitative differences in the exudates of these seeds with regard to nitrogen sources.
The first few days of seed germination are a critical time period for certain plant pathogens. Many Fusarium species germinate within a few hours of planting in response to spermosphere exudate (Nelson 1991) . Pythium ultimum will colonize and rot seeds within 6-12 h of planting in pathogen-infested soil (Nelson 1991) . It is assumed that many biocontrol agents must colonize the spermosphere and rhizosphere to protect the plant. If the pathogen is germinating and colonizing the seed within a few hours of planting the biocontrol agent must be metabolically active during that time period. The biocontrol agent will be competing with the native microflora for seed exudates, and we have shown that over the first 96 h the native microbial community changes in function, and somewhat less in structure, in a soildependent manner. The adaptability of the biocontrol agent to soil characteristics, and secondarily to seed type, may be critical to colonization and suppression of plant pathogens.
